3D Analysis of Functional Tricuspid Regurgitation
of the pathophysiological mechanisms underlying various TV diseases. Hence, 3D echocardiography-based TR analysis is required to elucidate the actual relationship between FTR and chronic AF.
The aims of this study were to investigate the prevalence of FTR caused by chronic AF (AF-TR) using real-time 3D transesophageal echocardiography (TEE), characterize the clinical and echocardiographic features of AF-TR, and compare TV deformations between AF-TR and FTR caused by the left-sided heart disease (LH-TR) with sinus rhythm.
Methods

Study Population
Total TR Cohort
This study was designed with 2 cohorts. First, we retrospectively reviewed the echocardiographic and clinical data of 437 patients with moderate to severe TR who were referred to our echocardiography laboratory from January 2014 to December 2015. All patients underwent 2D transthoracic echocardiographic and 3D TEE assessment of the TV. This cohort was assembled to investigate the prevalence of AF-TR by 3D TEE-based pathogenic stratification and ascertain the absence of any TR cause other than chronic AF. All types of TR were initially eligible, including primary TR and FTR. The protocol of this study was approved by the Cedars-Sinai Institutional Review Board.
3D TV Cohort
To elucidate phenotypes of TV deformations and different mechanisms according to FTR subtypes, we compared 3D TV parameters between AF-TR and LH-TR with sinus rhythm. Parameters of the TV were obtained off-line using the QLAB mitral valve quantification/3D quantification software package (version 10.2; Philips, Andover, MA). After FTR subgroup determination, 40 patients were categorized as having AF-TR. We excluded 4 patients with AF-TR from whom we could not obtain the entire TV in 3D volume data sets; the remaining 36 patients with AF-TR were included in the 3D TV cohort. To allow direct comparison of TV annulus, tethering, and coaptation status, these 36 patients were matched for age, sex, body surface area, and TR vena contracta (VC) width to 72 patients with LH-TR with sinus rhythm by a 2:1 ratio, selected by computer-generated frequency matching from all patients with LH-TR with sinus rhythm (n=131). 4 In addition, measurements of 3D TV parameters were obtained from 20 normal controls free of cardiovascular disease who were referred to the echocardiography laboratory. Therefore, the 3D TV cohort comprised 20 controls and 108 patients with FTR (AF-TR, n=36; LH-TR with sinus rhythm, n=72).
2D Transthoracic Echocardiography
Comprehensive 2D transthoracic echocardiography with a main focus on the TV and RV was performed using a commercially available ultrasound system (S5-1 probe, IE33; Philips). The TR jet was evaluated by color Doppler in the RV inflow view, parasternal shortaxis view, and apical 4-chamber view. The RV was also imaged from multiple views, including the RV-focused and RV-modified apical 4-chamber views. The 2D RV and RA size and function were measured according to the American Society of Echocardiography guidelines for echocardiographic assessment of the right heart.
14 Systolic pulmonary artery pressure was derived from the maximal TR jet velocity and RA pressure estimated by the response of the inferior vena cava to a sniff. 14 
Real-Time 3D TEE
Three-dimensional TEE was performed under sedation using intravenous injection of midazolam with a fully sampled matrix-array transducer (X7-2t Live 3D transducer; Philips). Volume data sets were obtained using the live 3D zoom mode (n=210; median frame rate, 15 Hz) or 4-beat full-volume mode (n=227; median frame rate, 26 Hz) focused on the TV and RV ( Figure 1A) . 15 In patients with AF, we chose the live 3D zoom mode and performed 1-beat volume acquisition to avoid stitch artifacts. The view was optimized for depth and gain setting before 3D acquisition, and the entire TV and RV were included in the sector boundaries. In addition, in a subset of patients, 6-beat color Doppler full volumes were acquired with the narrowest possible depth to obtain a higher frame rate. All 3D TEE data were digitally stored for off-line analysis. QLAB 3D quantification software was used to measure the 3D VC area and RV volumes.
TR Severity Assessment
The severity of TR was graded using an integrative and semiquantitative approach. 16 The VC width was measured from the apical 4-chamber and parasternal RV inflow views during held end expiration. The averaged VC width from these 2 roughly orthogonal views was calculated to account for its noncircular and ellipsoidal shape. 17 The TR severity by VC width was defined as moderate (4.0-6.9 mm) or severe (≥7.0 mm).
In a subset of 88 patients with color Doppler full-volume acquisition, the averaged VC width was validated with the 3D VC area. Off-line cropping of the 3D color Doppler full-volume data set was performed during midsystole using 3 multiplanar reconstruction planes. The Nyquist limit was controlled within 45 to 65 cm/s for optimal visualization of the TR jet. After the 2 orthogonal long-axis planes were aligned parallel with the direction of the proximal TR jet, the short-axis plane was aligned perpendicular to the narrowest neck of the TR jet just above the RA side of the flow convergence zone. The resultant short-axis image of the VC was traced to obtain the 3D VC area.
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3D TV Screening and FTR Subgroup Determination
For the initial TV screening, the live 3D zoom or full-volume data set was imported into the QLAB 3D quantification software package. The 2 orthogonal long-axis planes through the TV were reconstructed. These planes correspond to the RV-focused apical 4-chamber view and the parasternal RV inflow view on transthoracic echocardiography. On the short-axis plane, the 2 orthogonal long-axis planes are shifted throughout the TV to determine the presence of organic TV disease ( Figure 1B ; Figure I in the Data Supplement). In patients with implanted devices, reconstructed images were carefully reviewed to determine the position of the device-lead relative to the TV leaflets. 13 After the 3D TV screening and an in-depth chart review, FTR was categorized into the following 4 types: (1) FTR because of the leftsided heart disease (valve disease or left ventricular dysfunction), (2) FTR because of any cause of pulmonary arterial hypertension (chronic lung disease, pulmonary thromboembolism, left-to-right shunt disease, or Doppler estimated systolic pulmonary artery pressure of >50 mm Hg without an identifiable clinical cause), (3) FTR because of any cause of RV dysfunction (myocardial disease or RV ischemia/ infarction), and (4) FTR with no detectable cause of TR other than chronic AF.
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3D TV Quantitative Analysis
The live 3D zoom or full-volume data set was imported into the workstation, and 3D volume rendering was interrogated to grasp the whole picture of the TV, displayed with the interatrial septum placed inferiorly in the 6 o'clock position (Figure 2A) . 15 In patients with AF, 3 measurements from 3 different volume data sets were averaged.
Annulus
The mitral valve quantification software was used for 3D measurement of the TV annulus. We used 20 landmarks to delineate the annulus and analyzed the TV leaflets using ≤22 intersections per patient. The anteroposterior and anterolateral-posteromedial directions were determined using the commissure between the anterior and septal leaflets as the anterior aspect (Figure 2A and 2B, arrows). 19 The TV annular area, annular height, and ellipticity (anterolateralposteromedial/anteroposterior ratio) were obtained on midsystole and mid-diastole frames ( Figure 2B ). The TV annular contraction 3D Analysis of Functional Tricuspid Regurgitation was calculated as the reduction in annular area×100 divided by the annular area on a mid-diastole frame.
Leaflet Tethering
The 3D quantification software was used to interrogate the 2D planes, which perpendicularly crossed the middle of each TV leaflet, generated carefully using guidance on the short-axis image of the TV. On each of the 3 long-axis planes, tethering angles between the annulus line and the 3 leaflets were measured on a midsystole frame ( Figure 2C ). With the mitral valve quantification software, the closed TV leaflets were traced in midsystole on successive contiguous longaxis planes parallel to the anteroposterior direction to obtain the TV tenting volume.
Leaflet Coaptation Status
On each of the same 3 long-axis planes, the lengths of the 3 leaflets were measured on a mid-diastole frame. To assess the leaflet coaptation status, the ratio of total leaflet length (a+b+c in Figure 2C ) to closure length (d+e+f in Figure 2C ) was calculated. This ratio of 1 represents no coaptation or malcoaptation of the leaflets.
Statistical Analysis
Continuous variables are expressed as median (interquartile range). Group comparisons were performed by nonparametric Wilcoxon rank-sum tests. For categorical variables, the χ 2 test or Fisher exact test was used, as appropriate. To allow direct comparison of 3D TV parameters, we matched 36 patients with AF-TR for age, sex, body surface area, and TR VC to 72 patients with LH-TR with sinus rhythm by frequency-matching computer selection among all 131 patients with LH-TR with sinus rhythm. This matching process was performed as follows: simultaneous stratification by age (<75 and ≥75 years), sex (men and women), body surface area (<1.9 and ≥1.9 m 2 ), and TR VC width (<7.0 and ≥7.0 mm) resulted in 16 subgroups, within each the patients with AF-TR and LH-TR with sinus rhythm were relatively homogenous for each stratification variable.
To identify determinants of VC width (log-transformed because of skewed distribution) in the AF-TR and LH-TR groups, linear regression was performed for multivariable analysis. The following potential univariable predictors were considered for the analysis: annular diameters (anterolateral-posteromedial and anteroposterior), annular height, annular area, annular contraction, tenting volume, tethering angles, total leaflet length, closure length, and ratio of total leaflet length:closure length. Because of multicollinearity, only the TV annular area in midsystole (not annular diameters, annular area in mid-diastole, annular height, or annular contraction), averaged TV tethering angle (not tenting volume), and ratio of total leaflet length:closure length (not total leaflet length or closure length) were entered into the model. Because the averaged TV tethering angle was The TV on 3D TEE as viewed from the right atrium (RA) perspective in mid-diastole and midsystole. All 3 commissures of the leaflets were identified (arrowheads). B, MVQ. Anteroposterior (A-P) and anterolateral-posteromedial (AL-PM) directions were determined using the commissure between the anterior and septal leaflets as the anterior aspect (arrows). C, 3DQ. The 3 long-axis planes, which perpendicularly crossed the middle of each TV leaflet, were generated carefully using guidance on the short-axis image of the TV. On each of the 3 long-axis planes, the tethering angles of the leaflets were measured on a midsystole frame. (a-c) The leaflet lengths were measured on mid-diastole frames, and (d-f) the closure lengths were measured on midsystole frames. AoV indicates aortic valve; ATL, anterior tricuspid leaflet; IAS, interatrial septum; MV, mitral valve; PTL, posterior tricuspid leaflet; and RV, right ventricle. entered in the multivariable analysis, its individual components were not entered into the model. These 3 parameters represent annular dilatation, leaflet tethering, or leaflet coaptation status. Correlations of the TV annular area with the RV and RA volumes were determined using Spearman rank correlation. Comparison between correlation coefficients was performed using Wolfe test.
Reproducibility of 3D TV measurements, as described by absolute difference ± standard deviation and intraclass correlation, was evaluated in 20 TV data sets 1 month after the initial measurement by the first author for intraobserver variability and by a second observer for interobserver variability. The second observer selected the same TV data set and frame that the first observer had used and performed mitral valve quantification analysis independently. All analyses were performed using SPSS version 21.0 (IBM, Armonk, NY).
Results
Distribution of Various Causes of TR
The total TR cohort comprised 236 men and 201 women with a median age of 72 years (interquartile range, 60-81 years). The severity of TR classified by the VC width was moderate in 260 (59.5%) patients and severe in 177 (40.5%) patients. One hundred fifty-four (35.2%) had pacemaker or implantable cardioverter defibrillator lead. Figure 3 shows the distribution of various causes of TR. The initial 3D TV screening revealed an anatomic abnormality in the TV leaflets of 136 patients, 64 of whom reached the primary TR diagnosis by 2D echocardiography (31.1% by 3D TEE, 14.6% by 2D echocardiography; P<0.0001). The overall matching rate of the primary TR diagnosis was 47.1%, whereas the rate varied widely depending on the causes of TR (Table I in the Data Supplement). After the 3D TV screening, 301 (68.9%) patients were categorized as having FTR with structurally normal TV leaflets. Among the total TR cohort, the frequency of LH-TR, FTR with pulmonary arterial hypertension, FTR with RV dysfunction, and AF-TR was 45.3%, 8.0%, 5.3%, and 9.2%.
Comparisons of Clinical Features Between AF-TR and LH-TR With Sinus Rhythm
The clinical and echocardiographic characteristics of all patients and those with different FTR subtypes are shown in Table 1 . Comparison of AF-TR (n=40) versus LH-TR with sinus rhythm (n=131) showed that AF-TR was associated with advanced age, female sex, smaller body surface area, less frequent coronary artery disease, and higher systolic and diastolic blood pressure (all P<0.05; Table 1 ). Despite a similar TR VC width, AF-TR was associated with a larger RA volume, higher RA/LA volume ratio, and lower systolic pulmonary artery pressure than LH-TR with sinus rhythm (all P<0.05; Table 1 ). In contrast, LH-TR with sinus rhythm was associated with a larger LA volume and RV area, greater RV wall thickness, and worse biventricular function (all P<0.05; Table 1 ).
TV Alterations in AF-TR
In the 3D TV cohort, the 3D TV and RV parameters of the normal controls, patients with AF-TR, and patients with LH-TR with sinus rhythm matched for age, sex, body surface area, and TR VC width are shown in Table 2 . Because of volume overload, a larger RV end-diastolic volume was present in the AF-TR group than in normal controls (P=0.014). Compared with normal controls, patients with AF-TR showed an 84% increase in the TV annular area in mid-diastole, a 110% increase in the TV annular area in midsystole, and a 60% decrease in TV annular contraction (all P<0.001; Table 2 ; Figure 4 ). In contrast, there were no significant differences in the tethering angles of the leaflets between normal controls and patients with AF-TR (P=0.64; Table 2; Figure 4) . In addition, patients with AF-TR had an 11% increase in total leaflet length and a 54% increase in closure length (both P<0.001). A resultant significant decrease in the ratio of total leaflet length to closure length was observed in the AF-TR group (P<0.001; Table 2 , Figure 4 ).
3D TV Parameters According to FTR Subtypes
Compared with LH-TR with sinus rhythm, AF-TR was associated with larger TV annular areas in both mid-diastole and midsystole with lower annular contraction and a smaller averaged tethering angle, whereas the ratio of total leaflet length:closure length was similar between the groups (Figure 4 ). In addition, the AF-TR group had a lower annular height and less ellipticity than the LH-TR group (Table 2) .
To investigate the orientation of TV annular dilatation, we compared the area-ellipticity relationship between the groups. The TV annular area in mid-diastole was inversely correlated with ellipticity in the AF-TR group (R=−0.545; P=0.001), whereas a nonsignificant correlation was observed in the LH-TR group (R=−0.118; P=0.27). This indicates that the annulus expands mostly along the posterior border in AF-TR, whereas it expands mostly along the anterolateral border in LH-TR with sinus rhythm ( Figure 5 ).
Determinants of TR Severity
Data on the univariable linear regression analysis for the log-transformed TR VC width are shown in Table II in the Data Supplement. Multivariable linear regression was performed with the following covariates: TV annular area in midsystole, averaged tethering angle, and ratio of total leaflet length:closure length. In LH-TR with sinus rhythm, the following parameters were independent predictors of TR severity: a larger TV annular area (coefficient, 0.026; 95% confidence interval [CI], 0.013-0.038), larger tethering angle (coefficient, 0.072; 95% CI, 0.023-0.121), and lower ratio of total leaflet length:closure length (coefficient, −0.109; 95% CI, −0.147 to −0.070; Table 3 ). In contrast, only the TV annular area (coefficient, 0.059; 95% CI, 0.041-0.078) was associated with TR severity in AF-TR (Table 3) . Notably, a stronger correlation between the TV annular area and VC width was observed in patients with AF-TR than in those with LH-TR with sinus rhythm (P=0.018; Figure 6 ). Values are median (25th-75th percentile) or n (%). AF-TR indicates atrial fibrillation-tricuspid regurgitation; LH-TR, left-sided heart disease-tricuspid regurgitation; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; and TR, tricuspid regurgitation.
3D Analysis of Functional Tricuspid Regurgitation Factors Related to TV Annular Dilatation According to FTR Subtypes
The TV annular area was more closely correlated with RA volume than RV end-systolic volume in patients with AF-TR (P<0.001; Figure 7A ). Conversely, the annular area was more closely correlated with RV end-systolic volume than RA volume in patients with LH-TR with sinus rhythm (P=0.001; Figure 7B ).
Validation of 2D VC Width With 3D VC Area
In the subset of patients with an available 3D VC area (n=88), there was a strong correlation between the 2D VC width and 3D VC area (Spearman R=0.949; P<0.001). When a 3D VC area cutoff of 0.57 cm 2 for severe TR was used, 17 the corresponding 2D VC width was 6.8 mm, which approximates the current cutoff of 7 mm. 16 In addition, there was high discrimination of severe TR defined by a 2D VC width of ≥7 mm by the 3D VC area (area under the curve 0.93).
Reproducibility
Intraobserver and interobserver variabilities in the 3D measurements was as follows: midsystolic TV annular area, 18±25 mm 2 and 32±44 mm 2 ; averaged tethering angle, 3±4° and 6±10°; and ratio of total leaflet length:closure length, 0.10±0.15 and 0.17±0.21, respectively. Intraclass correlations (95% CI) for each of the measurements were as 
Discussion
In this cohort of patients with moderate to severe TR, we observed that with the use of a 3D TEE-based TR spectrum, the prevalence of AF-TR was 9.2%; the clinical features of AF-TR included advanced age (average 79 years), female sex, systemic hypertension, greater RA than LA enlargement, and lower systolic pulmonary artery pressure (average 37.0 mm Hg); compared with normal controls, parameters of the annulus and leaflet were altered in AF-TR; patients with AF-TR had a more dilated, planar, circular, and dysfunctional TV annulus with less tethering of the leaflets than did patients with LH-TR with sinus rhythm; and TV annular dilatation was a multivariable determinant of TR severity irrespective of FTR subtypes, but its contributing factor was different: TV annular area was strongly correlated with RA volume in AF-TR, whereas it was mainly associated with RV volume in LH-TR with sinus rhythm.
Characterization of AF-TR in Previous Studies
Longstanding AF leads to RA enlargement and subsequent TV annular dilatation. 20 Whether a dilated TV annulus is sufficient to cause significant FTR remains controversial. To date, 3 small studies have reported an association between chronic AF and FTR with normal leaflet motion. 6, 7, 21 Girard et al 21 first reported 3 patients with severe idiopathic TR and chronic AF, all of whom had a dilated annulus but otherwise normal TV leaflets on surgical inspection. Yamasaki et al 6 evaluated 11 patients with severe idiopathic TR whose clinical features included chronic AF, RA enlargement, annular dilatation, and diminished fibrillation waves on ECG. Najib et al 7 analyzed 42 patients with severe FTR and AF and found that, in the absence of pulmonary hypertension, FTR occurred in older patients with chronic AF secondary to RA enlargement, altered RV function, and TV annular dilatation, which is consistent with the present study. Similar to the results of Yamasaki et al 6 and Najib et al, 7 we also found that advanced age and female sex were characteristic of AF-TR. Considering that not all chronic AF leads to FTR, less-developed fibrous skeleton in the annulus, associated with aging and female sex, may be crucial for the development of FTR in chronic AF.
Prevalence of AF-TR
Exclusion of other potential causes of TR is mandatory to accurately categorize AF-TR. In the present study, 3D TEE detected the underlying causes of TR by thorough screening The following potential univariable predictors were considered for the analysis: annular diameters (AL-PM and A-P), annular height, annular area, annular contraction, tenting volume, tethering angles, total leaflet length, closure length, and ratio of total leaflet length:closure length. Because of multicollinearity, only TV annular area in midsystole (not annular diameters, annular area in mid-diastole, annular height, or annular contraction), averaged TV tethering angle (not tenting volume), and ratio of total leaflet length:closure length (not total leaflet length or closure length) were entered into the model. Because the averaged TV tethering angle was entered in multivariable analysis, its individual components were not entered into the model. These 3 parameters represent annular dilatation, leaflet tethering, and leaflet coaptation status. AF-TR indicates atrial fibrillation-tricuspid regurgitation; CI, confidence interval; LH-TR, left-sided heart disease-tricuspid regurgitation; TR, tricuspid regurgitation; and VIF, variance inflation factor. *R 2 =0.636. †R 2 =0.764. 3D Analysis of Functional Tricuspid Regurgitation of the TV. The prevalence of primary TR was 31.1%, which is higher than that determined using 2D transthoracic echocardiography in previous studies. In particular, TR because of regional rheumatic or myxomatous change and pacemaker lead-related TR tended to be overlooked (Table I in the Data Supplement). This finding suggests an important role of occult organic TV disease in determining the TR spectrum.
In contrast, 2D transthoracic echocardiography studies examining the cause of TR have yielded varying results. Mutlak et al 3 analyzed severe TR and found that the prevalence of primary TR (organic or lead-related TR) was 10.3%, whereas that of AF-TR 5.4% (87% of idiopathic TR). Topilsky et al 4 pathogenically classified 1161 patients with various degrees of TR and found that the prevalence of primary TR was 11.9%, whereas that of AF-TR 6.2% (51% of idiopathic TR). More recently, Ong et al 5 identified 768 patients with severe TR, and 11.3% were classified as having the primary TR as opposed to 5.7% as AF-TR (64% of idiopathic TR). These seemingly conflicting results likely reflect differences in the methodology of TR pathogenic stratification in the respective populations.
TV Deformations and Mechanisms of FTR
The pathophysiology of FTR has been investigated and critical TV deformations in its development have been proven to 11, 19 leaflet tethering, 8 and the ratio of total leaflet area:closure area associated with its coaptation status. 18 The TV tenting volume can be measured with 3D echocardiography and has been shown to be a major determinant of residual FTR after surgical annuloplasty. 22 In addition, factors leading to leaflet tethering are reportedly associated with RV remodeling such as spherical shape 9 and papillary muscle displacement. 11 However, in most of these previous studies, the study population was limited to FTR because of the pulmonary hypertension.
The main novelty of our study is identification of patients with TR caused only by chronic AF and characterization of their structural abnormalities. Using 3D echocardiography, we have demonstrated fundamental differences in TV deformations and possible mechanisms between AF-TR and LH-TR with sinus rhythm, which is the most frequent cause of FTR. 2 Our regression model showed that the TV annular area was the only independent predictor of TR severity in AF-TR, whereas all of the 3 above-mentioned parameters were strongly associated with TR severity in LH-TR with sinus rhythm. Interestingly, the orientation of TV annular dilatation differed between these FTR subtypes, suggesting that the TV annulus expands mostly along the posterior border in AF-TR ( Figure 5C ). Furthermore, our findings suggest a crucial role of RA enlargement in association with TV annular dilatation in AF-TR. However, the precise mechanism by which RA remodeling leads to TR is unknown. The strength and timing of RA contraction might also contribute to appropriate TV closure.
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Clinical Implications
The implications of our findings involve an improved understanding of both the mechanistics and treatment of FTR. Tricuspid annuloplasty is currently the standard surgery for FTR and improves long-term outcomes. 24 However, Min et al 22 and Fukuda et al 25 reported that residual TR was exhibited in 22% to 39% of patients after annuloplasty mainly because of severe TV tethering. When a significant tenting volume (>2.3 mL) is observed, tricuspid leaflet augmentation by autologous pericardial patching at the time of annuloplasty may be desirable. 26 Our findings indicate that AF-TR may be the most suitable subtype of FTR for annuloplasty because it exhibits a prominent annular dilatation without apparent tethering of the leaflets.
Limitations
First, this was a single-center study. The prevalence of AF-TR in the TR population requires validation with a larger prospective, multicenter trial. Second, serial TR assessment in the chronic AF cohort was not performed; therefore, the actual incidence of AF-TR remains unclear.
Because we used a routine 2D echocardiographic protocol, most transthoracic echocardiograms did not include quantitative data to calculate the effective orifice area or regurgitant volume. However, the measure we used to assess TR severity, namely, the averaged VC width, has been validated for both circular and elliptical orifices.
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Conclusions
The prevalence and clinical features of AF-TR have been reported for the first time in a large single-center population of patients with significant TR. Real-time 3D TEE revealed that TV deformations and their association with right heart remodeling differ between AF-TR and LH-TR with sinus rhythm, suggesting the need to establish the entity of AF-TR. These results will help in treatment selection for FTR in the future.
